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EFFECTS OF REYNOLDS }WMBER AND LEADING-EDGE ROUGHNESS 
ON LIFT AND DRAG CHARACTERISTICS OF THE 
NACA 653-418 , a = 1.0 AIRFOIL SECTION 
By John H. Quinn, Jr. 
SUIvIMARY 
Tests were made in the Langley two-dimensional low-
turbulence tunnels of an NACA 653-418, a = 1.0 airfoil 
section with roughness in the form of carborundum grains 
applied to the leading edge. Roughness grains having 
average diameters of 0.0003 and 0.0007 airfoil chord were 
applied to the leading edge of the wing, and lift and 
drag measurements were made for a range of Reynolds num-
bers from 0.23 to 3.0 x 106 From a comparison of data 
obtained in the present tests with data obtained in tests 
of the smooth wing , marked reductions in maximum lift 
coefficient were found to be caused by the roughness 
throughout the test range of Reynolds number. The drag 
coefficient at the design lift coefficient increased 
sharply and the lift-curve slope decreased ra?idly at a 
critical Reyno l ds number tha.t depended upon the size of' 
the carborundum grains. This critical Reynofds number 
occurred at approximately 0.50 and 0.70 x 100 for the 
0.0003 - and the 0.0007 - chorc - diameter roughness grains, 
respectively. With r oughness, a decrease in maximum lift 
coefficient as great a s 0.2, a decrease in lift-curve 
slope of' 0.028, and an increase in drag coefficient at 
the design lift coefficient ,of 0.007 were observed at a 
Reynolds number of 1 . 0 x 10(;. For the s~noo th wing at the 
same Reynolds number, the maximum lift coefficient 
was 1.19, the lift-curve slope was 0.116, and the drag 
co eff ici f1n t was 0.0077. At Reynolds nu.'nbe rs greater than 
1.0 x lOb, the scale effect on the lift and drag charac-
teristics of the section with both degrees of roughness 
was generally in the Sru~e direction as the effect on the 
lift and drag characteristics of the smooth airfoil. 
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INTRODUCTION 
Sever'al investigations have been made in the pas t to 
cet e r rr.ine tbe effe ct s of Reyno lds number on t~e aerody-
na.In::'c ch&racteristlcs of varIous a:i.I'foi l sections . A 
recent investigat ion was made (reference 1) to determine 
the effec ts of bo th Reynolds number and stream turbulence 
on t he lift and drag of a smJoth N CA 6 - series a irfo il 
section. 
The pres ent investigation was made to determine the 
effect s of Reynolds number on the lift a nd drag charac-
teristics of an NAC _ 6 - series section with a r oughened 
l eading edge . Tests were made, the refore, of the 
NACA 653 - 4 18, a = 1 . 0 ai r foil section in the Langley t wo -
dimensiona l low- turbulence tunnels o ver a range of Reynolds 
number fr om 0. 23 to 3 . 0 x 106. Lift and drag measure -
ments were made at several Reyno l d s nQmbers in this range 
with t wo degrees of roughness applied to the leading edge 
of the airfoil. 
Although the data presented herein a nd i n reference 1 
are quantitati v e l y correct only for the NACA 653-4 18 air -
foil se ction, the effects of Reyno l d s nllllber and roughness 
would probably be in the s ame genera l di rection and of 
approximate l y the s a.l1e order of magnitude for other 
NACA 65 - series airfoil sections th&t do not diff er greatly 
i n thickness and camber f r om the NACA 653 - 4 18. The se 
resu l t s are also helpfu l in properly e valua ting the merits 
of l ow - s ca l e test data. 
SYMBO LS 
section lift co effici ent 
section drag coefficient 
de sign section lift coeff icient 
maxim m section lift coefficien t 
c airfoil chord 
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R Reynolds numb e r 
ao sec t ion a n g le of atta c k 
MODELS AND TEST METHODS 
The airfoil mode l used i n the nresent investigation r • was of o - inch cho r d and was constru cted of aluminum alloy to correspond t o t h e or dinates of the NACA 653 - 418, a = 1 . 0 
ai r fo il se cti on. Or dina t es fo r this ai r foil section are presen ted in r e f e rence 2 . A ph otogr aph of the model is Dresented in figur e 1. 
Roughnes s was s i mu l a t ed by applying car borundum grai ns of a g i ven di ameter to the leading edge of the wing with shellac. The r oughness was applied to both surfaces of the ai r foi l as far -ba c k a s 0 . 078c and the grains 
co vered approximate l y 10 percent of the roughened area . Two degrees of roughness were obtained by use of grains having average di ameters of 0 . 0003c (0.002 in . ) 
and 0 . 0007c ( 0 . 003 to 0 . 005 in.). The standard roughness used in systematic a i rfoi l investigations (refer ence 2) for determining the chara cteristics of various airfoils having transition fixed at the nose is composed of grains ha ving average diarneters o f 0.0005 c. 'I'hi s standard rough-ness was thought to be considerably more severe than that caused by any manufacturing irreg ula:t'i ties or poor painting precedures but is no t so severe as that caused by icing, mud, or damage from military combat. One grain roughness used in the present tests is lar ger than the standard 
roughness; the othe r is smal l e r . 
The tests were made i n the Langley two - dimensional low- turbulence tunne l (designated LTT) and in the Langley two - dimensi onal l ow- turbulenc e pre ssure tuni1e 1 (desig-
nated TDT) . Bo t h tunne l s are 3 feet .d de and 7 1 feet r..i gh and 
2 v/e re desi gned to t est mode l s complete l y spanning the jet in two - dimens i ona l flow . These tunnels are characterized by air streams havi ng ex c eptionally low turbulence levels, of the order of a few hun d r edths of 1 percent. Lift 
measur emen t s we r e made by a n arrangement designed to integrate the p r es s ur e r e ac tions a l ong the floor and 
cei l ing of t he tunne l t est sections and drag s were 
measur ed by the wake- survey me t hod . 
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All tests were run at tunnel 1:1 ach numbers less 
than 0.2 . Measurements were made at atmospheric pressure 
in t~1C LIJ:'ll, a nd at tunnel pressures of 14 .7,30,45,63, 
and b7 p~uLds per square inch absolut e in the TDT. 
Cor~ections fo r the eff ect s of tunnel - wall interf er -
ence and ai r - stream c onstriction were app l ied to the 
model as fo llows : 
C , , u . 
where the primed qu antiti es repres ent the values obtained 
in the tunne l . 
RESULTS A1T-;) DISCU SION 
Lif t characteristics for the NACA . 653 - 4 18 , a = 1.0 
a irfoil section at various Reynolds numbers with 
two degree s of leadi n g - edge r oughness are p r esented in 
figure 2 a n d the drag characteristics are present ed in 
figu re 3 . In figure 2(a), i n whi ch data are presented 
f()r the model havi n g 0 . 0003c-diameter g r ains on the 
leading edge, a pronounced jog in the lift curve i s 
noticeable at a lift coefficient of 0.9.at a Reyno l d s 
numbe r of 0.50 x 10 6 . In r efsrence 3 such a jog was 
found to be associated with a regi on of laminar separa-
tion just behind t he l eading edge of the wing. The f ac t 
that a jog occurred in the present tests indicates that 
tru_s d e gree of roughness d i d n ot completely e liminate 
laminar flow at the le adi n g edge until a Reynolds number 
between 0.50 and 0 . 75 x 106 wa s attained . 
From fi gure s 2(b ) and 2(c), in whi ch data are pre -
sented for the model havIng 0.0007c - diame t er grains on 
the leadi n g edge , no j og occurred in the lift curve at 
Reynolds number s g r eater t han 0 , 35 x 106 . This degree of 
roug~~ess the r e fore probab l y e liminated laminar flow 
entirely at a Reynolds number between 0.35 and 0 . 50 x 106. 
Curves showing the variat ion of maximum lift coeffi-
ci ent a nd lift-curve slope with Reynolds n umber are pre-
s ented in fi gure l~ a nd the variation of drag c oefficient 
at the de si gn lift coefficient with Reyno l ds nwnbe r , in 
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figure 5. Application of r oughness to the leading edge 
of the airfoil caused values of the naximum lift coeffi-
cient and the lift - curve sloDe that Viere substantially 
lower than the values for the smooth airfoil (fi g . h). 
The maximum lift coeffiCients and the lift-curve slopes 
are predominantly lower than those for the smooth wing 
throughout the test range of Reynolds number, and there 
is a critical Reynolds number at which the maxlmu.."11 lift 
coefficient decreases noticeably and the lift-curve slope 
decreases rapidly. Figure 5 shows that at this critical 
Reynolds number a shar p increase in the variation of the 
drag coefficient "at the design lift coefficient with 
Reyno l ds number also o c curr ed . The lift-curve slope 
decreases rapidl y and the drag coefficient at the design 
lift coeffi cient increases sharp l y at a Reynolds number 
of approximately 0.70 x 106 for the O.0003c-diameter grain 
roughness and of approximately 0.50 x 106 for the 
0 . 0007c- diameter grain roughness. rlt a Reynolds number 
of 1.0 x 106 , however, the differences in values of the 
lift - curve slope a nd of the drag coefficient for the 
two degrees of roughness disappear, and at greater 
Reynolds numbers, within the accuracy of the results, the 
values of these quantities appear t o be independent of 
the sizes of the roughness for which data are presented. 
The lift-curve slopes in figure 4 also show that for 
the 0.0003c - diarrleter grain roughness the lift-curve slope 
is essentially the same as for the smooth wing up to a 
Reynolds number of at l east 0.50 x 106. Tris degree of 
roughness probably brought about no significant changes 
at low lift coeffi cients in tho development of the 
boundary layer from that existing on the smooth wing up 
to a Reynolds number of 0.50 x 106. Be cause the maximum 
lift coefficient for this degree of roughness was lower 
than that for the smooth wing throughout the entire range 
of test Reyno lds numbers, the roughness probably did 
induce some change in the nature of the flow at high lift 
coefficients. 
With the 0.0007c-diameter roughness grains , the lift-
curve s lope and maximum lift co effici ent were greater than
6 those of the smooth wi ng at a Reynolds number of 0.25 x 10 , 
but at Reynolds numbers greater than 0.30 x 106 these 
quantities were lower than those of the smooth airfoil 
for both degrees of roughness. The reason for this phe -
nomenon is not readily evident . There is a possibi lity, 
however, that a t a Reynolds number of 0.25 x 106 the 
roughness was not large enough to destroy the lruninar 
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flow entirely but was large enough to prevent laminar 
separation behind the minimum pres sure point. A boundary-
layer velocity distribution wou ld result, therefore, which 
would be different from both the smooth flow condition 
and the smaller rouglmes3 condition. 
Figure h shows that at Reynolds n~~bers between 1.0 
and 3.0 x 106 the maximum lift coefficients were less than 
those of the smooth wing by approximately 0.14 and 0.20 
for the 0.0003c - and 0.0007c-diameter roug~~ess grains, 
respectively. At a Reynolds number of 1.0 x 106 , the 
lift- curve s lope of the rough wings was 2~_ percent les s 
than that of the smooth wing , but at a Reynolds number 
of 3.0 x 106 , a decrease due to rougrilless of approximately 
12 percent in lift-curve slope was found. A constant 
increment in drag coefficient at the design lift coeffi-
cient due to roughness of approximately 100 percent was 
found (fig. 5) at Reynolds numbers between LO and 3.0 x 106. 
CONCLUSIONS 
A comparison of results of tests of the 
NACA 653 - 418 , a = 1.0 airfoil section for a range of 
Reynold~ number from 0.23 to 3.0 x 106 with roughness 
grains having average diameters of 0.0003 and 0.0007 air-
foil chord (O.000'3c and 0 . 0007c ) with results of previous 
tests of the smooth wing led to the folloy:ing conclusions: 
1. daximmn lift coefficients of the airfoil with 
roughness were generally lower than those obtained on the 
smooth airfoil section throughout the test ReynoldS number 
range. At a Reynolds number of 1.0 x 106 the maximum lift 
coeffi cient for the smooth wing wa", reduced from a value 
of 1 . 19 to 1.05 and 0 .99 by the 0.0003c- and 
0.0007c -dia~eter grains, respectively. 
2. There is a critical Heynolds number at which the 
lift-curve slope decre ases rapidly and the d"'ag coeffi-
cient increases sharply depending upon the size of the 
roughne~s. Thi s critical Reyno l ds number was approxi-
mate ly 0.70 and 0 . 50 x 106 for the 0.0003c - and 
0.0007c - dimneter grains , respectively. 
3. With roughness, at a Reynolds number of 1.0 x 106 , 
the lift - curve slope was 0.088 and th~ ~rag coefficient 
at the design lift coefficient was 0.0155 v'he reas the 
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corresponding values for the smooth airfoil section 
were 0.116 and 0.Oe77,. respectively. At Reynolds numbers 
greater than 1.0 x lO b the changes in lift-curve slope 
and drag coefficient we r e nearly independent of the sizes 
of the roughness for the two degrees of roughness for 
which the effects were measured. 
4. Large variations in the lift and drag character-
istics of the airfoil were found in the range of Reynolds 
millIber between 0.23 and 1.0 x 106. At Reynolds numbers 
greater than 1.0 x 106, the scale effect on the lift and 
drag characteristics of the section with both degrees of 
roughness was generally in the srune direction as the scale 
effect on the characteristics of the smooth airfoil. 
Langley Memorial Aeronautical Laboratory 
National Aevisory Corr@ittee for Aeronautics 
Langley Field, Va. 
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Figure 1.- Photograph of NACA 653-418, a = 1.0 airfoil section with 
0.0007c-diameter roughness grains applied to leading edge. 
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